Background: Listeria monocytogenes is one of the most virulent types of bacteria and causes severe foodborne illness, such as listeriosis. Because this pathogen has become resistant to sanitizers and other disinfectants that are used to clean utensils and surfaces during food processing, it poses a serious threat to the food industry. Objectives: The study was conducted to determine the anti-listerial potential of essential oils extracted from four edible seaweeds against L. monocytogenes.
Background
Millions of people throughout the world are affected by foodborne diseases each year (1, 2) . Although many improvements in maintaining food hygiene and food production techniques have been achieved in recent years, the safety of the food supply is still one of the most important public health issues worldwide (2) . The problems of food spoilage and food poisoning due to the harmful effects of various microorganisms introduced during the production and preservation of food are still a concern to both the food industry sector and consumers (3) . In addition to the development of a variety of preservation methods, many synthetic chemical additives have been adopted by the food industries (4) (5) (6) ; however, the side effects of some of these synthetic chemicals have negatively impacted their potential usage (3) . Thus, the identification of the root causes of food-related illnesses and also the development of a strong effective mechanism for their complete eradication is one of the major concerns for the food processing and food preservation industries.
It is well known that foodborne illnesses primarily result from the consumption of foods contaminated with different types of pathogenic bacteria. Listeria monocytogenes in particular is one of the most virulent Grampositive bacteria that can produce severe foodborne illness, such as listeriosis (7, 8) . It contaminates almost all types of food products because it can easily grow at temperatures ranging from 4 -50°C and at a pH between 4 -10 (9, 10). The onset of listeriosis is normally marked by the presence of flulike symptoms, which become serious within few days to three weeks (7) .
Listeriosis is especially dangerous for people with suppressed immune systems, such as the elderly, acquired immunodeficiency syndrome (AIDS) patients, and pregnant women (10) (11) (12) . This disease causes serious inflammation in the brain and spinal cord of premature and newborn babies and even in some people older than 50 years of age (meningitis, encephalitis, and perinatal infections) (7) . In pregnant women, listeriosis can lead to spontaneous abortion and intrauterine or cervical infections (7, 11, 13) . This disease is typically transmitted through certain foods, including dairy products, processed meat, eggs, poultry, fish, seafood, fruit, vegetables, and salad (13, 14) . It is very difficult to control listeria infections because listeria is ubiquitous and widespread in the environment and can survive and multiply even at refrigeration temperatures (7, 15) .
Most food processing equipment, utensils, and surfaces are made of stainless steel, polypropylene, polystyrene, or polyvinyl chloride, which are the most common surfaces for L. monocytogenes attachment and biofilm formation. This pathogen has become resistant to sanitizers and various disinfectants that are used to clean utensils and preparation surfaces as well as to the equipment used during food processing (9, 16) . Increased consumer demand for food safety has forced the food industry to search for alternatives to synthetic chemicals and preservatives. Therefore, it is essential to identify strong natural antibacterial agents that can act effectively against multiple strains of L. monocytogenes and also serve as environmentally friendly and nontoxic compounds for their potential use by the food industry.
Natural products from the sea, particularly marine algae and seaweeds, have become an important part of the human diet (17) . Since ancient times, seaweeds have long been used as food in most parts of the world, especially in eastern and northern Asia, including Korea, Japan, and China (18) (19) (20) (21) (22) (23) . Many ingredients from these seaweeds are used in drinks, soups and snacks (17) . A number of chemical compounds extracted from marine seaweeds, such as alginates, agar, and carrageenan, as well as pigments like beta-carotene, have been widely used by the food and pharmaceutical industries (17) . Similarly, plant-derived volatile essential oils (EOs) that possess variable mixtures of essential terpenoids, aliphatic hydrocarbons, acids, alcohols, aldehydes, and phenolic compounds, have also been used as flavoring agents by many food industries (2, 24, 25) .
A number of seaweeds and plants possess various biological activities, such as antifungal, antiviral, antioxidant, anticoagulant, and anti-ulcer properties (2, 3, 8, 13, 17, (26) (27) (28) (29) (30) . Recently, much research has been conducted to identify natural antibacterial bioactive compounds and agents from terrestrial, marine, and aquatic plants and their products (1) (2) (3) . In this context, EOs from different sources have been tested for their antibacterial properties against a broad range of foodborne pathogenic bacteria (2, 3, 13) , although the search for new antibacterial agents is still ongoing.
Objectives
In the present study, we extracted EOs from four edible seaweeds (E. linza (L.) J. Ag., U. pinnatifida (Harvey), L. japonica (J.E. Areschoug), and P. tenera (Kjellman)) and evaluated them for their antilisterial potentials against three different strains of L. monocytogenes, as well as for their mechanism of action.
Materials and Methods

Extraction of Essential oil From Seaweeds
Four different edible seaweeds (E. linza (fresh), U. pinnatifida (fresh), L. japonica (dry), and P. tenera (dry)) were purchased from a local market in Gyeongsan, Republic of Korea, and used for the extraction of the EOs. Each sample (500 g) was collected in a specially designed glass container with 5l of water and subjected to hydro-distillation for 4 hours using a microwave-assisted extraction apparatus manufactured by KMD Engineering (KMD Engineering Co., Ltd., Paju, Republic of Korea) for the extraction of the EOs. The operating condition of the machine was maintained by an oven power capacity of 40 W and a frequency of 15 gkH to control the temperature. A conical flask was connected to the collecting nozzle to collect the distillate. Equal volumes of dichloromethane were added to the collected distillate in a separating funnel and then vigorously shaken and kept until the two layers separated. The lower of the two layers was collected from the separating funnel and concentrated using a rotary evaporator (N-1110, Eyela, Tokyo Rikakikai Co., Ltd., Japan) at 40°C. The same procedure was followed for all four seaweed samples, after which the collected, yellow-colored EO samples were dried over anhydrous sodium sulfate and kept in tightly closed vials at 4°C until further use.
Screening of the Anti-Listerial Potential of the EOs
The anti-listerial activities of EOs from four different edible seaweeds were evaluated against three different strains of L. monocytogenes (ATCC 7644, ATCC 19115, and ATCC 19114). All strains were obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and maintained in nutrient broth (NB) (Difco, Becton, Dickinson and Company, Sparks Glencoe, MD, USA) media until 2
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their use, at which time all four EOs were diluted twice in 5% dimethyl sulfoxide (DMSO) and filter-sterilized using a 0.22-µm nylon syringe filter. The antibacterial activity was subsequently evaluated using a standard disc diffusion assay (31) . Briefly, sterile filter paper discs (Advantec, Toyo Roshi Kaisha Ltd., Japan) 6 mm in diameter were used to prepare different antibacterial discs by adding one of the four EOs (25 mg/disc) or the standard antibiotic kanamycin (40 µg/disc, Sigma-Aldrich Co., St. Louis, MO, USA), respectively. DMSO was the negative control. The assay used a culture of each strain that had been grown overnight at a concentration of 107 colony forming units (CFUs)/ml in NB. The experiment was repeated three times, and the mean of the diameter of the zone of inhibition against each strain was recorded after 24 h of incubation at 37°C.
Determination of the MIC and MBC
The minimum inhibitory concentration (MIC) and the minimum bactericidal concentration (MBC) of the four different EOs against the three strains of L. monocytogenes were determined with the two-fold dilution method (32) . The lowest concentration of each EO that showed no visible growth of the tested strains was selected as the MIC (mg/mL), while the concentrations of each EO that exhibited no signs of any bacterial colony growth on nutrient agar (NA) plates were considered the MBC (mg/mL).
Anti-Listerial mode of action of E. linza EO (ELEO) on L. monocytogenes 3.4.1. Time kill Assay
The effects of ELEO on the Viability of L. monocytogenes ATCC 19115 were studied using a time kill assay (33) . A bacterial culture treated with ELEO at the MIC (12.5 mg/mL) or with 5% DMSO was taken as the treatment sample and the control, respectively. The cultures were incubated at 37°C for 8 hours, with the samples collected at 2 h intervals and appropriately diluted in phosphate buffered saline at a pH of 7.4. The diluted samples were then spread over the NA plates and incubated at 37°C for 24 hours. Bacterial colonies in both the control and the treatment plates were counted as CFUs and expressed in Log10 (CFU/mL).
Cell Membrane Permeability
The membrane permeability of L. monocytogenes ATCC 19115 due to the effects of ELEO was evaluated by the following standard procedure (34) . The loss in the permeability of the bacterial membrane was indirectly assessed by the release of ions into the supernatant of the bacterial solution using a conductivity meter (Con 6, LaMotte, MD, USA). The cell membrane permeability was determined by calculating the percentage of the relative electrical conductivity using the following equation: (1) Relative Conductivity (%) = L2 − L1 L0 × 100
where L 0 was the electrical conductivity of dead L.
monocytogenes ATCC 19115 in 5% glucose after treatment in boiling water for 5 minutes; L 1 was the electrical conductivity of ELEO at the MIC added to 5% glucose; and L 2 was the electrical conductivity of the bacteria treated with ELEO at 2-h intervals during 8 h of incubation.
Release of 260-nm Absorbing Materials
The release of 260 nm absorbing materials from L.
monocytogenes ATCC 19115 treated with ELEO was measured using the standard procedure described by Carson et al. (35) . Bacterial samples treated with 5% DMSO were taken as the control, while samples treated with the MIC of ELEO were considered to be the treatment. Both the control and treated samples were incubated at 37°C, during which time they were taken out every 30 minutes and centrifuged at 3,500 rpm for 10 minutes, after which the absorbance of the supernatant at 260 nm was measured using a spectrophotometer (ASP 3700, ACTGene Inc., NJ, USA). The results were expressed in terms of their optical density at 260 nm for each interval with respect to time. Corrections for the absorbance of the treated cultures were made by determining the values of ELEO without bacteria in peptone water (0.1% w/v). The untreated bacterial cultures were corrected using peptone water (0.1%).
Leakage of Potassium Ions
The amount of free potassium (K+) ions that leaked from L. monocytogenes ATCC 19115 was determined as per the standard procedure of described by Bajpai et al. (36) . The concentration of free K+ ions in the suspension of L. monocytogenes ATCC 19115 was measured after exposing the cells to the MIC of ELEO in peptone water (0.1%) and then incubating them at 37°C for 8 hours. The extracellular potassium concentration was finally measured every 2 hours using a Kalium/Potassium kit (Quantofix, Macherey-Nagel GmbH and Co., Germany). The control consisted of L. monocytogenes ATCC 19115 treated with 5% DMSO.
Loss of Salt Tolerance Capacity
The loss of the salt tolerance capacity of L. monocytogenes ATCC 19115 in response to exposure to ELEO was determined according to the standard procedure described by Miksusanti et al. (37) . Bacterial cultures treated with an MIC of ELEO (12.5 mg/mL) were seeded on NA plates supplemented with different concentrations of NaCl (0, 2.5, 5.0, and 10.0%) and then incubated at 37°C for 24 hours. The control plates were seeded with only the bacterial culture treated with 5% DMSO. The number of colonies grown after incubation was counted and expressed in terms of Log10 (CFU/mL).
Statistical Analysis
All data are expressed as the means ± standard deviation (SD). Significant differences among treatments were identified by one-way analysis of variance followed by Duncan's multiple range tests at P < 0.05 using Statistical Analysis Software (SAS) version 9.4 (SAS Institute Inc., Cary, NC, USA).
Results
The color and percentage yields of the EOs were as follows: E. linza (deep yellow, 0.32%), U. pinnatifida (yellowish, 0.26%), L. japonica (yellowish, 0.85%), and P. tenera (light yellowish, 1.41%). The antilisterial activity of the EOs from the four different edible seaweeds against three different strains of L. monocytogenes were qualitatively and quantitatively determined with the disc diffusion assay (Table 1) . Among the four EOs, ELEO was the most active against all three strains of L. monocytogenes, producing zones of inhibition with diameters ranging from 11.3 -16 mm ( Table 1) . The EOs from L. japonica, U. pinnatifida, and P. tenera were also active against L. monocytogenes ATCC 19115 and 7644, with zones of inhibition from 10.0 -15.0 mm, whereas they were inactive against L. monocytogenes ATCC 19114 ( Table 1) . As the negative control, DMSO did not show any zone of inhibition, while kanamycin, the positive control, generated a zone of inhibition of 16.6 -21.0 mm ( Table 1 ). The EOs of E. linza, U. pinnatifida, and P. tenera had MIC and MBC values from 12.5 -25 mg/m, whereas the EO of L. japonica had MIC and MBC values of 25 mg/mL ( Table 1) .
The ELEO had the most anti-listerial activity and was further investigated for its mechanism of anti-listerial action using L. monocytogenes ATCC 19115. Various assays, such as the time kill assay, cell membrane permeability, release of 260-nm absorbing materials, leakage of potassium ions, and loss of salt tolerance capacity, were undertaken. The effects of ELEO on the viability of L. monocytogenes ATCC 19115 are presented in Figure 1A . Exposure of the bacterial cells to ELEO reduced the number of CFUs with respect to time. The ELEO at the MIC did not show any significant reduction in the viable cell count of the bacteria until after 2 hours of incubation. However, the growth of the viable cells was controlled following 4 hours of incubation.
The permeability of the cell membrane of L. monocytogenes ATCC 19115 under the influence of ELEO was measured based on the relative electrical conductivity ( Figure  1B) . Exposure of the bacterial cells to the ELEO at the MIC increased the relative electrical conductivities with respect to the incubation time, with a sharp increase occurring after 6 hours of incubation ( Figure 1B) . However, the control was treated with DMSO and showed no change in its relative electrical conductivity. The culture filtrates exposed to the ELEO at the MIC displayed a continual increase in the concentration of 260-nm absorbing materials over 120 min of incubation (Figure 2) . The untreated control sample showed no marked increase in the concentration of 260-nm absorbing materials. The L. monocytogenes ATCC 19115 treated with ELEO at the MIC displayed an increase in the leakage of K+ ions with respect to time, whereas the untreated control cells showed no sign of K+ ion leakage (Figure 3) . The effects of ELEO on the loss of salt tolerance capacity of L. monocytogenes ATCC 19115 is presented in Figure 4 . Bacterial cells pretreated with ELEO at the MIC showed a gradual decrease in their number of viable cells with respect to the untreated control sample when grown on NA plates supplemented with different concentrations of NaCl (0, 2.5, 5.0, and 10.0%).
Discussion
The yield percentage of EOs in the case of fresh seaweed (E. linza and U. pinnatifida) was comparatively less than that of dry seaweed (L. japonica and P. tenera), which might be due to the decreased moisture content present in the dry seaweed. Similar results were reported previously (38, 39) . All four EOs were active against the three strains of L. monocytogenes (Table 1) . Several studies have investigated the antimicrobial potential of EOs from seaweed (40) (41) (42) . Although the antibacterial potentials of E. linza (43) , Laminaria, and Undaria species (44, 45) and P. tenera (45) have been reported, our results are the first to indicate that the EOs from E. linza, U. pinnatifida, L. japonica, and P. tenera have a controlling effect on some strains of L. monocytogenes. The results showed that the MIC and MBC values (Table 1 ) of the EOs were higher than that of kanamycin, the standard antibiotic (Table 1) . One possible reason for this finding might be that the EOs are a mixture of a number of bioactive compounds, while only a few are responsible for its antibacterial potential; when these active compounds are purified, their concentrations will be significantly lower. A similar result was reported by Gressler et al. (42) , who stated that EOs as a whole did not show any activity, but when their compounds, particularly the sesquiterpenes, were purified and tested individually, they showed potent activity.
The anti-listerial mode of action of ELEO against different strains of L. monocytogenes was studied using several assays. The viability of the bacterial cells ceased after 4 hours rupture of the outer cellular membrane, causing cell lysis and death. A similar hypothesis on the effect of EOs on pathogenic bacteria was previously reported (46) . There was also a gradual increase in the relative electrical conductivity and the OD values at 260 nm of L. monocytogenes ATCC 19115 treated with ELEO over time ( Figure 1B and 2) . One possi- ble reason behind this outcome might be the loss of ions from inside the bacterial cells to the outer environment following the breakdown of the cytoplasmic membrane. The cellular leakage could also result from the effect of penetration of the hydrophobic ELEO. Similar observations regarding the release of ions outside of bacterial cells treated with EOs from rosewood, oregano, lemongrass, and other EOs have also been reported (37, (47) (48) (49) (50) . The marked leakage of cytosolic materials was considered an indication of gross and irreparable damage to the cytoplasmic membrane (51) . Thus, the leakage of ions and other cytosolic materials from the bacteria treated with ELEO could be a strong possible mode of anti-listerial action against the bacteria. Furthermore, the loss of K+ ions from L. monocytogenes ATCC 19115 treated with ELEO ( Figure 3 ) also confirmed the hypothesis that ELEO acts by disrupting the bacterial cell membrane. As shown by the increase of the relative electrical conductivity after 6 hours of incubation ( Figure 1B) , a sharp increase indicating significant leakage of K+ ions was also observed after 6 hours of incubation ( Figure 3) . It is well known that the bacterial cytoplasmic membrane provides a selective barrier to prevent small ions, such as K+, Ca+2, and Na+, from entering and exiting the cell; this control of cell membrane permeability is essential to various cellular activities, such as transport, energy transduction processes, and cell maintenance (36, 52, 53) . It is assumed that the hydrophobic ELEO could induce deformities in the cell membrane, which cause cellular damage and lysis and consequently result in the leakage of potassium ions from the bacterial cell. The loss in the ability of the bacteria to sustain a higher salt concentration (Figure 4 ) also indicated the effect of ELEO on the bacterial cell membrane, producing membrane damage due to the sublethal injury. This lost ability might also affect the capability of the membrane to adequately osmoregulate the cell under high salt concentrations and thus induce cell death. Similar results have been previously reported (37) , which confirmed our hypothesis on the anti-listerial mode of action of ELEO.
The present study confirmed the effective anti-listerial potential of the four EOs against multiple strains of the important foodborne pathogen, L. monocytogenes. Additionally, the results presented herein provided insight into a possible explanation for the modes of action of EOs on L.
monocytogenes. Seaweed EOs can penetrate the cytoplasmic membrane, which causes a loss of the membrane permeability of the cellular membrane, leakage of the cytoplasm, and decreased ability to osmoregulate during high salt stress. Further, more detailed study on the mechanism of action will be required to depict and confirm the exact effect of ELEO on foodborne pathogens. The outcome of the present study may help food industries identify the most promising potential anti-listerial agent from edible seaweed sources to control L. monocytogenes and facilitate their application in food processing and preservation in a nontoxic and environmentally friendly manner. 
